The distribution of viral genotypes in the ocean and their evolutionary relatedness remain poorly constrained. This paper presents data on the genetic diversity and evolutionary relationships of 1.2-kb DNA polymerase (pol) gene fragments from podoviruses. A newly designed set of PCR primers was used to amplify DNA directly from coastal sediment and water samples collected from inlets adjacent to the Strait of Georgia, British Columbia, Canada, and from the northeastern Gulf of Mexico. Restriction fragment length polymorphism analysis of 160 cloned PCR products revealed 29 distinct operational taxonomic units (OTUs), with OTUs within a site typically being more similar than those among sites. Phylogenetic analysis of the DNA pol gene fragments demonstrated high similarity between some environmental sequences and sequences from the marine podoviruses roseophage SIO1 and cyanophage P60, while others were not closely related to sequences from cultured phages. Interrogation of the CAMERA database for sequences from metagenomics data demonstrated that the amplified sequences were representative of the diversity of podovirus pol sequences found in marine samples. Our results indicate high genetic diversity within marine podovirus communities within a small geographic region and demonstrate that the diversity of environmental polymerase gene sequences for podoviruses is far more extensive than previously recognized.
Marine viruses are the most abundant (41) and diverse (2, 6) biological entities in the ocean. They affect community composition by causing the lysis of specific subsets of the microbial community (22, 28, 46, 47) and, by killing numerically dominant host taxa, may influence species evenness and richness (24, 28, 43, 50) . Despite the abundance of bacteriophages in marine systems and their important roles in marine microbial composition, little is known about the distribution and diversity of specific groups of marine viruses. However, most marine bacteriophage isolates are tailed phages (3) belonging to the order Caudovirales (27) , which comprises the families Myoviridae, Podoviridae, and Siphoviridae.
Podoviruses are classified into several groups (e.g., T7-like, P22-like, and phi-29-like) based on genome size, genome arrangement, and shared genes and can be readily isolated from seawater (11, 16, 42, 45) . Genomic analysis of roseophage SIO1 (33) , cyanophage P60 (7), vibriophage VpV262 (21) , and cyanophage PSSP7 (40) suggests that many of the isolates are T7-like. Despite the apparently wide distribution of podoviruses in the sea, and their potential importance as agents of microbial mortality, there has been little effort to explore their diversity.
Sequence analysis of representative genes is one approach that has been used to examine the genetic diversity of specific groups of marine viruses. For example, homologues for structural genes (g20 and g23) found in T4-like phages are found in some marine myoviruses (18, 20) and have been used to examine the distribution, diversity, and evolutionary relationships among marine myoviruses (12, 14, 17, 37, 38, 49) . Other studies have used DNA polymerase (pol) to examine the diversity of viruses infecting eukaryotic phytoplankton (8, 38) and have shown that phylogenies constructed with this gene are congruent with established viral taxonomy (9, 36, 37) .
Although it is not universally present, family A DNA pol is a good target for examining the diversity of podoviruses (4). Our study presents a newly designed set of PCR primers that amplify a longer fragment of the DNA polymerase from a much larger suite of podoviruses and shows that the diversity within marine podoviruses as revealed by DNA pol sequences is far greater than previously realized.
MATERIALS AND METHODS
Collection and preparation of samples. Samples were collected from the water and sediments in bays and inlets around the Strait of Georgia (labeled SOG) in British Columbia, Canada, and from water in the northeastern Gulf of Mexico (labeled GOM).
Go-Flo bottles mounted on a rosette equipped with a conductivity-temperature-depth probe were used to collect water samples (ϳ20 liters) from the subsurface chlorophyll maximum at 5 m in Howe Sound (49°27. For each sample, the viruses were concentrated ϳ100-fold (ϳ200-ml final volume) using ultrafiltration (42) . Briefly, particulate matter was removed by pressure filtering (Ͻ17 kPa) the samples through 142-mm-diameter glass fiber (MFS GC50; nominal pore size, 1.2 m) and polyvinylidene difluoride (Millipore GVWP; pore size, 0.22 m) filters connected in series. The viral size fraction in the filtrate was concentrated by ultrafiltration through a 30-kDa molecular mass cutoff cartridge (Amicon S1Y30; Millipore). The concentrates were stored at 4°C in the dark for up to 3 years, until the viral DNA was extracted from 200-l subsamples of the concentrates using a hot/cold treatment (three cycles of 2 min at 95°C and 2 min at 4°C) in a thermocycler (9) . A 0.1 dilution of the extract was used as a PCR template.
Sediment cores were collected using a tribarrel gravity corer (Rigosha, Tokyo, Japan) at depths of 84 m in Sechelt Inlet (49°43.9ЈN 123°44.3ЈW) on 25 Columbia. Briefly, the sediments were processed as follows. Immediately after retrieval, the sediment-water interface was removed with a wide-bore serological pipette without disrupting the sediment core. Each surface sediment sample (20 cm 3 ) was mixed with 20 ml of phosphate-buffered saline and centrifuged at 4,000 ϫ g for 5 min at 4°C. The supernatant was filtered through 47-mmdiameter glass fiber (Whatman GF/C; nominal pore size, 1.2 m) and polyvinylidene difluoride (Millipore HVLP; pore size, 0.45 m) filters. Following filtration, the samples were kept in the dark at 4°C. Prior to DNA extraction, the viruses were concentrated by centrifugation at 180,000 ϫ g for 3.5 h at 20°C. The supernatants were removed, and the pellets were stored overnight at 4°C before ϳ100 l of each pellet was resuspended in 500 l of 50 mM Tris (pH 8.0). DNA was extracted using phenol-chloroform (10) , and a 0.1 dilution of the extract was used as a PCR template.
Primer design and PCR amplification. Degenerate primers were designed to amplify an ϳ1,200-bp DNA pol fragment from a subset of viruses belonging to the Podoviridae. The primers were designed based on family A DNA pol amino acid sequences from roseophage SIO1, cyanophage P60, T7, T3, and YeO3-12 and aligned using Clustal W. Conserved regions for primer design were manually selected using BioEdit (http://www.mbio.ncsu.edu/BioEdit/bioedit.html). Forward (Podo-F, 5Ј-GACACHCTYRTVHTGTCWMGWYTG-3Ј) and reverse (Podo-R2, 5Ј-MCKACCRTCYARDCCYTTMAK-3Ј) primers were inferred from their amino acid sequences and had degeneracies of 1,728 and 768, respectively.
Three microliters of either the sediment DNA extract, water column viral concentrates, or T7 lysate (control) were used as the DNA template in the first-stage PCR mixture (total volume, 25 l). The reagents included Taq DNA polymerase assay buffer (20 mM Tris-HCl [pH 8.4], 50 mM KCl), 2.5 mM MgCl 2 , 160 M of each deoxyribonucleoside triphosphate, 1.2 M of each Podo-F and Podo-R2 primer, and 0.4 U of Platinum Taq DNA polymerase (Invitrogen Life Technologies). Negative controls contained all reagents except DNA template. The samples were denatured at 94°C for 90 s, followed by 39 cycles of denaturation at 94°C for 45 s, annealing at 56°C for 45 s, and elongation at 72°C for 60 s, with a final elongation step of 72°C for 5 min. To increase the yield for cloning, gel plugs were excised with a Pasteur pipette, added to 100 l of buffer (10 mM Tris-Cl, pH 8.5), and heated for 5 min at 80°C. A second, 25-cycle PCR was done on 6 l of the eluted DNA, and the product size was verified by electrophoresis. We found this approach to yield consistent and reproducible amounts of DNA for cloning across all samples.
Clone library construction and RFLP analysis. Amplicons from the second PCR were purified with a Qiaquick kit (Qiagen), ligated into pGEM-T (Promega), and used to transform Escherichia coli DH5␣. For each sample, 20 positive clones containing an insert of the correct size were verified by colony PCR. Restriction fragment length polymorphism (RFLP) analysis was done by digesting 15 l of the colony PCR products with MboII (New England BioLabs) in a reaction mixture containing 1 U/g of DNA and 1ϫ NEBuffer 2 (50 mM NaCl, 10 mM Tris-HCl, 10 mM MgCl 2 , 1 mM dithiothreitol, pH 7.9) and incubating the mixture at 37°C for 1 h, followed by heat inactivation at 65°C for 20 min. One-, 2-, and 3-h incubations yielded the same restriction patterns, confirming complete digestion by 1 h. The RFLP products were separated on a 2% agarose gel in 0.5ϫ TBE (9 mM Tris base, 9 mM boric acid, 2 mM EDTA, pH 8.0). Sequencing of three representative clones with each of four unique restriction patterns confirmed that each restriction pattern could be considered an operational taxonomic unit (OTU).
Sequencing. Forward and reverse sequences (ϳ1,200 bp) were obtained for each of the 29 RFLP patterns using Big-Dye Terminator Cycle Sequencing (Applied Biosystems) and ABI 373 Stretch or ABI Prism 377 sequencers.
Phylogenetic analysis. BLAST and the inferred amino acid sequence from the DNA polymerase gene of phage T7 were used to recover additional sequences from GenBank ( Table 1 ) for isolates that were used for phylogenetic analysis. The sequences were trimmed to the PCR product length and aligned using ClustalW (26) , and the alignment was manually edited in Se-Al Carbon (32) . BLASTp was used to screen the CAMERA database for open reading frames that were homologues of family A DNA polymerase amino acid sequences from podovirus isolates, as well as the environmental PCR products. The sequences were trimmed to recover the last 240 amino acids before the reverse primer (Podo-R2); sequences that did not have the full 240 amino acids were culled. Only sequences having a podovirus as a first hit when BLAST searching in GenBank were kept for analysis (see Table S1 in the supplemental material). The maximum-likelihood analyses were performed using the RAxML Web servers (http://phylobench.vital-it.ch/raxml-bb/) with the WAG model and bootstrapping with 100 replicates (39) . Bayesian phylogenetic analyses were performed with MrBayes (v3.1.2; [1] , freely distributed by the authors at http://www.mrbayes.csit .fsu.edu/). The program uses a Markov chain Monte Carlo (MCMC) approach to approximate prior and posterior probabilities. Under the WAG substitution model, we ran two independent analyses of four (one cold and three heated) MCMC chains with 1,000,000 cycles and sampled every 100th cycle, and with a burn-in of 25%, distance-based calculations were run in PAUP* (PAUP* 4.0b10; Sinauer Associates, Sunderland, MA). The best tree out of 10 search replicates was estimated, and bootstrap values were calculated based on percentages of 100 replicates. The trees were viewed with Fig 
RESULTS AND DISCUSSION
This study extends the known sequence space for viral DNA polymerase genes to reveal that podoviruses are diverse and widespread members of marine communities. Sequence analysis revealed the existence of at least three previously unrecognized broad evolutionary groups of environmental podovirus polymerase sequences that have no cultured representatives, while the genetic richness of other groups has been expanded markedly.
Our study investigated the genetic richness of marine T7-like were analyzed from each sample. Restriction digests of 160 cloned fragments yielded 29 different RFLP patterns that were sequenced (Fig. 1) ; of these, 17 were at least 5% different from all others at the nucleotide level. For this reason, the sequences from the patterns B and K were removed from further analysis because they were more than 95% identical to the sequence from pattern D. Moreover, multiple sequences of clones representing the same RFLP pattern recovered the same genotype. Similar to results from other studies (5, 38) , the frequency with which specific genotypes occurred varied among samples, implying that viral communities are different among sites. For example, in the sediments, five genotypes were recovered from Nanoose Bay, whereas, Malaspina site 1 was mostly dominated by a single genotype (Fig. 2D and 1B, respectively) . Similarly, in the clone library of 20 PCR fragments from each sample, some genotypes occurred more frequently than others. For example, sequence SOG-W-A (i.e., Strait of Georgia, water sample A) was found in three different samples, Malaspina Inlet 442 and 443, as well as Howe Sound 430 (Fig. 1E, F , and G). On the other hand, GOM-W-J was found only in water from the Gulf of Mexico (Fig. 1G) . Within samples from British Columbia, six sequences occurred in more than one sample, whereas all the sequences from the Gulf of Mexico were unique to that location ( Fig. 1G and 2A) . Although interpretations of relative genetic richness among samples are suspect because of PCR amplification, every environment differed in terms of the sequences recovered.
There was little genotypic overlap between OTUs in the sediment and the water (Fig. 2) , implying that the virus assemblages in these environments are distinct. This is consistent with different bacterial communities being present in the water and sediments, as well (15) . Nonetheless, some very similar sequences (58% at the amino acid level) were found in geographically distant locations (the Gulf of Mexico and British Columbia inlets) and different environments (water and sediment). This is similar to previous results (4) , where the same Podoviridae DNA pol sequences were found in very different environments. Consequently, a larger sequencing effort, or an approach using nondegenerate primers, might reveal that sequences that were not detected are present but rare. Similarly, some Myoviridae g20 sequences (37) and cyanophage DNA pol sequences (31) are dispersed among a variety of environments, while others appear to be restricted in distribution.
Despite the high degeneracy of the primers, all of the sequences recovered were family A DNA pol genes that clustered within the Podoviridae. Sequences from T7-like phages (Fig. 2) were consistently 200 bp shorter than those of the marine phages, with nucleotides being lost throughout the gene fragment, yet, the amino acid sequences retained many regions of strong conservation. Assuming that marine phages are ancestral (21) , it appears that the enterophage pol genes have become more streamlined.
The amino acid sequence alignments showed multiple regions of conservation, as well as regions that were confined to specific groups. Phylogenetic analysis using both Bayesian (Fig.  3) and maximum-likelihood algorithms produced similar trees, with several branches clustering with known cultured representatives, including cyanophage P60, Syn5, and SCBP-1, as well as roseophage SIO1, but distinct from the T7 enterophages. Most sequences fell into the clusters ENV1 and ENV2, which are not closely related to cultured representatives. HECTOR and PARIS are PCR products obtained with nondegenerate primers that amplify a shorter part of the DNA polymerase and are representatives of podovirus sequences found in a number of environments (4); they resolve as a sister clade to the group containing roseophage SIO1 (Fig. 3) . None of the HECTOR and PARIS sequences fell into other groups, and none of the sequences from this study fell into the PARIS and HECTOR groups.
A BLAST search of the CAMERA database (35) recovered many family A podovirus DNA pol sequences. The CAMERA database contains the metagenomic data from the Global Ocean Survey, a study of 23 sites along a track from the northwest Atlantic through the eastern tropical Pacific (51) that contains primarily bacterial sequences, but also many sequences from viruses (48) . Only sequences that included the reverse primer Podo-R2 and had a podovirus as the first hit in GenBank were kept for phylogenetic analysis. This was important, as DNA pol sequences from some bacteria, such as Azorhizobium caulinodans ORS 57, Burkholderia oklahomensis EO147, and Pseudomonas putida KT2440 are very similar to viral DNA pol sequences. For example, there is 43% identity between the targeted fragments of the DNA polymerase of A. caulinodans and that of the cyanophage SCBP-3. However, the top hits for the bacterial sequences were not viral and, when analyzed, clustered in a separate group near the cyanophages. For this reason, the samples collected in our study were 0.2-m-pore filtered. Phylogenetic analysis showed that none of the Global Ocean Survey sequences fell outside of the groups circumscribed by the sequences recovered using primers. This demonstrates that these primers can be used to target the genetic diversity of Podoviridae family A pol sequences found in marine systems. The environmental sequences established three new groups, ENV1, ENV2, and ENV3, that have no cultured representatives.
This study presents a non-culture-based method using new primers that can be used to explore the diversity, evolution, and distribution of podoviruses. These results demonstrate that the genetic richness of family A DNA pol sequences associated with podoviruses is much greater than previously recognized and that some sequences are most frequently recovered from specific environments. Also, the results reveal the existence of several groups of distantly related and previously unknown podoviruses. Bringing representative host-virus systems that include representatives of these groups into culture will be essential to understanding host-virus interactions in the sea. FIG. 3 . Maximum-likelihood and Bayesian (1,000,000 MCMC generations; 25% burning) analyses of DNA pol inferred amino acid sequence alignments. Sequences from the major cultured representatives from each group are underlined. Sequences from the Global Ocean Survey are identified as "env" (see Table S1 in the supplemental material). The bootstrap values correspond to the frequencies of inferred trees. The black, gray, and white circles indicate internal nodes with at least 90%, 75%, and 50% bootstrap support, respectively. The envelopes (ENV) represent the different subgroups of the T7-like supergroup. The scale bar represents 0.3 amino acid substitutions per site. 
